Interferometric at-wavelength flare characterization of extreme ultraviolet
optical systems
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The extreme ultravioleEUV) phase-shifting point diffraction interferomet@S/PD) has recently

been developed to provide the high-accuracy wave-front characterization critical to the development
of EUV lithography systems. Here we describe an enhanced implementation of the PS/PDI that
significantly extends its measurement bandwidth. The enhanced PS/PDI is capable of
simultaneously characterizing both wave front and flare. PS/PDI-based flare characterization of a
recently fabricated EUV 18-reduction lithographic optical system is presented. 1999
American Vacuum Societ)S0734-211X99)09206-9

[. INTRODUCTION scribed here has advantages over flare-measurement tech-
The quest to develop extreme ultraviolELJV) optics for niques based on roughness characterization of individual op-

use in next-generation projection lithography systems pro'EICaI component because it is an integrated system

viding sub-100 nm resolution has led to various innovationél\qeasuremfr?t _pterfformedt at th?h 3perat|_onal wa(\jlg!te_ngtf:.
in EUV metrology?‘?’ One of these innovations is the EUY 'V Or€oVver, the interferometric method requires no acditiona

phase-shifting point diffraction interferometéPS/PD).3* data collection beyond the data currently collected for EUV

The EUV PS/PDI has been developed to provide the high\fllvave—front metrolotgy. This aspectds,_t]mptlnr:an: tpecause t.he
accuracy wave-front characterization critical to the develop- are measurement Imposes no acditional test ime require-
ents and it eliminates the need for a separate test device.

ment of EUV lithography systems. The reference wave-fron q bandwidth limi he PS/
accuracy of the PS/PDI has been demonstfétemibe better 0WEVer, due to measurement-bandwi Imits, the
PDI-based system, in practice, has a much lower spatial fre-

than Ng,/300 (0.045 nm within a numerical aperture of S
0.082 EUV ( m P guency cutoff than do individual-component roughness char-
For lithographic printing, it is important to consider flare acterization technlqut_as. The PS/PDI—based_ system s thus
best suited to measuring short-range fl@@vering distances

in addition to wave-front error. Flare is thealo of light £l th imatelv 500 i the diffraction-limited
surrounding the optical system point-spread functie&h, ot 1ess than approximately Imes the difiraction-iimte
resolution. For a 0.1um resolution EUV optical system,

caused by scatter from within the optical system. Previously, >~ " .
the only system-level at-wavelength flare test available foFhIS distance is on the order of 5m.
EUV optics involved printing. Recently, an EUV
scatterometry-based method has been descfitiéete we IIl. DESCRIPTION OF THE PHASE-SHIFTING POINT
describe a new PS/PDI-based technique that can be peP—'FFRACT'ON INTERFEROMETER
formed in parallel with wave-front characterization. The PS/PDI is briefly described here; more complete de-
Because PS/PDI-based wave-front metrology measurescriptions have been previously publishédrhe PS/PDI is a
the wave front at the exit pupil of the optical system, it isvariation of the conventional point diffraction
equivalent to PSF metrologythe two form a Fourier- interferometet'® in which a transmission grating has been
transform paiy. For this reason, the flare can be character-added to greatly improve the optical throughput of the sys-
ized using wave-front metrology data if it contains enoughtem, and add phase-shifting capability. In the PS/PB{.
spatial-frequency bandwidth, in particular, the mid-spatial-1), the optical system under test is coherently illuminated by
frequency range lying between the ranges commonly rea spherical wave generated by diffraction from a pinhole
ferred to as figure and finish. As previously implemented, theplaced in the object plane. To guarantee the quality of the
PS/PDI was incapable of accurately measuring the extendespherical-wave illumination, the pinhole diameter is chosen
spatial-frequency band required to characterize flare. Herto be several times smaller than the resolution limit of the
we describe a modified implementation of the PS/PDI that iptical system. A grating placed either before or after the test
designed to meet flare-characterization requirements. Theptic is used to split the illuminating beam, creating the re-
newly developed system is used to characterize a recentlyuired test and reference beams. A mésle PS/PDI mask
fabricated EUV 1&-reduction imaging system. in Fig. 1) is placed in the image plane of the test optic to
The interferometric flare-measurement technique deblock the unwanted diffracted orders generated by the grat-
ing and to spatially filter the reference beam using a second
dElectronic mail: pnaulleau@Ibl.gov pinhole (the reference pinholethereby removing the aber-
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resolution of the detector and depends on the separation be-
tween the image plane and detector. For a detector-to-image-
plane separation of 100 mm and a 24n detector-element
size(typical EUV PS/PDI parameterghis limit corresponds
to a full-width measurement range of approximately&®.
Because the PS/PDI derives its reference beam by spatial
filtering a laterally displaced copy of the test beam, a signifi-
cant portion of the scattered light present in the image plane
is due to the prefiltered reference beam. Simple holographic
image reconstruction would erroneously combine the test
and scattered-reference light, yielding a deceptively high
measure of the flare. This problem can be overcome using
the previously described dual-domain analysis metfidthe
Fic. 1. Schematic of the phase-shifting point diffraction interferometer. dual-domain method isolates the scattered reference- and
Both the wave front and flare-measuring image-plane masks are shown. tast-heam light by recording a set of phase-shifted holograms
and processing them in both the temporal and spatial do-

rations imparted by the optical system. The test beam, Whicma\'/cﬁ' the b litter is a bi litud i .
also contains the aberrations imparted by the optical system, en the beamspiitieris a binary-amplitude grating, as 1S

is largely undisturbed by the image-plane mask by virtue mtypically the case for the EUV PS/PDI, a series of laterally

it passing through a window in the PS/PDI mask that is Iargeqis’pl""ced beams is formed in the image plane. These addi-

relative to the diameter of the optical system PSF. The te onal beams contrlbute_ a small amount of sca_tte_r as W?”'
and reference beams propagate to the mixing plane whe [though the dual-domain method cannot fully eliminate this

they overlap to create an interference pattern recorded on rggdher-orger corruptlont, :jhe reIS|Su:aIII error is relatively small
charge coupled devic€cCD) detector. and can be compensated analytically.

ll. MEASURING FLARE WITH THE PHASE-
SHIFTING POINT DIFFRACTION INTERFEROMETER V. EXPERIMENTAL RESULTS

From the description above, it is apparent that the wave- The PS/PDI flare measurement capability has been dem-
front measurement bandwidth is limited by the size of theonstrated using an EUV *0-demagnification Schwarzschild
image-plane test-beam window. This bandwidth translatesbjective designed to operate at a wavelength near 13*nm.
directly to the image-plane distance over which the PS/PDIThe interferometry was performed using an undulator
is capable of measuring flare. beamliné® at the Advanced Light Source synchrotron radia-

The flare-measurement capabilities of the PS/PDI becomton facility at Lawrence Berkeley National Laboratory. The
more evident when we view the PS/PDI as a system thabeamline provides a tunable source of partially coherent
records an off-axis Fourier-transform hologrdr? of the =~ EUV radiation® The tests were performed at a wavelength
optical system PSF. From this holography point of view theof 13.4 nm with a bandwidthy/AX, of approximately 350.
PSF, as seen through the test window, isdbgectdistribu-  Here we report the results obtained from a recently fabri-
tion. Propagation of the object distribution from the imagecated(1998 optic developed to meet a figure specification of
plane to the CCD in the far field performs the Fourier-better than 0.8 nm and flare specification of less than 5% in
transform function. Furthermore, the reference pinhole proa 4 um line’8
vides the off-axis reference beam. Reconstruction of this The flare masKdepicted in Fig. 2a)] was fabricated us-
electronic hologram yields an image of the PSF including theng electron-beam lithography and reactive-ion etching. The
tails (halo). The lateral extent of the image is limited to the mask is made of a 200-nm-thick Ni absorbing layer evapo-
size of the test window through which it is observed. Thusrated on a 100-nm-thick §i, membrane. The features are
the area over which the flare can be determined is simply thetched completely through the membrane prior to the Ni
area of the test window. In the conventional EUV PS/PDlevaporation. This leaves the pinholes and windows com-
wave-front measuring configuration, this area is typically apletely open in the finished mask, thereby maximizing their
square 3—4.5um wide. transmission. The window sizes are<30 um. Two or-

To increase the flare measurement range, the image-platieogonal windows are used, allowing anisotropic effects to
window size must be increased. Unambiguous holographibe measured. Support bars were added to prevent the thin
image reconstruction, however, limits the size of the windowmembrane from rupturing. In order to mitigate the obscuring
in the direction of the beam separation to 2/3 times theeffect of the support bars in the measurement, the reference
pinhole-to-window-center separation or smalfet> The op-  pinhole is displaced from the window center in the direction
timal window configuration for measuring the flare is thusparallel to long axis of the window. This in turn allows the
rectangular. In the direction perpendicular to the pinholetest beam to be displaced from the window center during the
separation, where the window can in principle be made arbimeasurement. A properly chosen displacement eliminates all
trarily long, the flare measurement range is limited by thenulls in the radially averaged PSF ddtee also Fig. @)].

J. Vac. Sci. Technol. B, Vol. 17, No. 6, Nov/Dec 1999



2989 Naulleau et al. : Interferometric-at-wavelength flare characterization 2989

membrane

(@)

-10 -5 0 5 10 15

‘ff"d,‘?‘\\‘ flare window s . . .
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ments. Invalid-data regions are masked.
reference
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dow region is a result of CCD and photon noise
contributions. The mean value of this noise adds a dc bias to
the measured scatter energy. This background noise is also
present after dual-domain processing and should be removed
before determination of the flare. Because the noise is ran-
dom in nature it cannot be fully eliminated; however, its
mean value can readily be removed by measuring and sub-
tracting the average value of the apparent scatter in regions
outside the image-plane window.

Figure 3 shows a logarithmically scaled image of the
dual-domain-reconstructed intensity PSF. These data were
obtained by applying the dual-domain analysis method to the
acquired phase-shifting series to recover the complex-
amplitude field in the plane of the detector, and then Fourier
transforming the field. The PSF shown is an average of three
independent measurements. The data dropouts are caused by
Fic. 2. (a) Schematic of the 8 30 um flare mask used for the measurement the bars .'n the test window. As described above, hqwever'
presented heréb) Logarithmically scaled image of the Fourier transform of the off-window-center PSF peak ensures that scattering data
a representative hologram from the phase-shifting series. The Fourie@re available at all radial separations from the PSF peak.
trgnsform image repres_ents_the_ reconstructed image of th_e imgg_e—plane dis- Having calculated the corrected PSF, it is possible to
tribution. The dashed line highlights one of the holographic twin images. characterize the flare. To this end, we find the normalized

scatter-energy density as a function of radial distance from

Small protrusions are added to the windoiFig. 2) to actas  the PSF peal§(r). This is simply the radially averaged PSF
alignment aids. 1

The flare-measurement data-collection process involves S(r)=2—f PSKr,0)d6. (N)
acquiring a phase-shifting series of holografserfero- it
gramg. The phase shifting is accomplished by lateral transPerforming this calculation on the PSF in Fig. 3 yields an
lation of the grating beamsplitter between exposures. Figurenergy density with a radial decay that is well approximated
2(b) shows a logarithmically scaled image of the Fourierby r 3102001
transform of a representative hologram from the phase- Because the test window is elongated in one direction
shifting series. Because these are Fourier-transform holmnly, the scatter-energy-density results may be biased if the
grams, Fig. ?) represents the reconstructed image of thescatter is anisotropic. To assess the significance of this po-
image-plane distribution. The reconstructed image containgential problem, the measurement is repeated using a window
the customary twin images and intermodulation im&gEhe  oriented in the orthogonal direction. The orthogonal direc-
dashed line in Fig. @) highlights one of the twin images, in tion is found to have a scatter-energy radial decay well ap-
which the image-plane window is clearly visible. The flare isproximated byr ~393005 The small difference between the
determined by the test-beam portion of the scatter seen itwo directions indicates slight anisotropic scattering effects.
either one of the twin images. Because simple Fourier- Combining the results from the two orthogonal directions
transform reconstruction of the PSF cannot distinguish beleads to the scatter energy depicted in Fig. 4. The imperfect
tween scatter in the test beam and scatter in the referendéry lobes are caused by aberrations in the optic. In order to
beam®® the scatter seen in Fig(l® is not an accurate rep- predict the flare expected in a typical imaging situation, the
resentation of the flare. By design, the reference-beam scattscatter-energy density must be known over the full radial
does not phase shift relative to the pinhole-diffracted referextent of the field. For the optics considered here, the full
ence light; thus, it can be completely eliminated using dualfield size is 25Qum radius in the image plane. The extended-
domain processiny The apparent scatter outside the win- range scatter-energy density can be obtained by extrapolation
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. derived by removing the flare that would be calculated given a smooth yet
Radius (“' m) aberrated optic. For the high-quality optics under consideration here, this is
essentially the flare one would calculate from an ideal Airy pattern. The

Fic. 4. Comparison of the scatter-energy density as a function of radiafigyre-corrected flare calls out the flare caused by roughness alone.
separation from the PSF peak determined by the PS/PDI- and profilometry-

based methods, respectively.

centered on the image point, the total energy in the field of

interestE, is measured. The specular component of the beam

of the interferomgtrically determined data or by_ use of datqs found by translating the aperture and diode, and using the
derived from profilometry performed on the individual sub- aperture edge to performkaife-edge testThis test is con-

strates before assembly of the optical system. In order to_ . . . .
. : . veniently performed in the PS/PDI by replacing the image-
avoid possible extrapolation errors, we choose the latter. Th yp y rep 9 9

. .. plane mask with the aperture-diode combination.
plot in Fig. 4 shows an overlay of the scatter-energy densn};pa P

predicted from profilometry. The two measurement methods

have overlapping data in the radial range from 1 toid@. V. CONCLUSION

Good agreement between the two methods is evident.
From the full-field scatter, it is now possible to predict the

flare, defined here as

The measurement bandwidth of the PS/PDI has been sig-
nificantly extended. This new capability, in turn, allows the
PS/PDI to be used as an at-wavelength flare characterization

E.—E. tool. The improved PS/PDI provides a system-level flare test
flare= —=—, (2)  that can be performed in parallel with wave-front metrology.
! The system has been successfully used to characterize a re-

whereE; is the total PSF energy in the field of interest andcently fabricated low-flare 19-reduction EUV lithographic
Es is the specular energy in the field. We defined the specugptic.

lar energy as the PSF energy contained within the feature
size of interest. Figure 5 shows a plot of the flare in an
isolated line as a function of linewidth for a 220m radius ACKNOWLEDGMENTS
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